Animals adapted to extreme environmental conditions often show rhythmic activity with stable periodicity. We studied the daily activity pattern of European ground squirrels (Spermophilus citellus) to determine effects of environmental factors on this pattern. Activity was evaluated by counting the number of squirrels visible above ground in 3 manipulated groups. To test the hypothesis that midday air temperature contributes to the bimodal activity pattern, we manipulated ambient temperature perception by altering the coloration of their head fur. Significantly fewer dark-headed squirrels were visible on the surface in midday on sunny days than were lightheaded animals. Because ambient temperature perception is strongly affected by the darkness of the top of the head, we concluded that extremely high midday ambient temperatures play a central role in contributing to the observed midday rest phase in ground squirrels.
The rhythmicity observed in many animal species results from an interaction between endogenous and environmental factors (Aschoff 1966) . Environmental effects can be from the biotic environment, for example, the temporal appearance of synchronously foraging prey in the case of the common kestrel (Falco tinnunculus-Raptor Group 1982), or the behavior of conspecifics, for example, the common vole (Microtus arvalis), where individuals living under heavy predation show synchronized aboveground feeding (Gerkema and Verhulst 1990) .
Bimodal aboveground activity can be found in many diurnal rodents. Noticeably diminished midday activity is a widespread behavior possibly caused by high ambient temperatures in summer (Bronson 1962; Byman 1985; Drabek 1973; Everts et al. 2004; Katona et al. 2002; Melcher et al. 1990; Semenov et al. 2000) . Ground-dwelling squirrels have access to a thermally stable environment underground, and shuttling between underground burrows and aboveground foraging sites is an option for avoiding both hypothermia and hyperthermia (Long et al. 2005) .
Determining the aboveground thermal environment of a given species is problematic, because factors such as solar radiation, wind speed, and others modify the microclimate. Coat color, pelage length, or hair density also can greatly influence ambient temperature perception (Bakken et al. 1985; Vispo and Bakken 1993; Walsberg and Wolf 1995) . Higher ambient temperature with strong winds or cloud cover might reduce heat stress more than lower temperatures under sunny and windless conditions. Bakken (1980) proposed that standard operative temperature should be the common currency of important climatic factors. Standard operative temperature is a complicated measure with many technical difficulties. Although it is relatively easy to observe the effects of different factors under laboratory conditions (e.g., Walsberg and Wolf 1995) , it is difficult to do so under field conditions.
An ideal way to test the effects of ambient temperature is to selectively manipulate the temperature perception of animals under field conditions. We have previously found that European ground squirrels (Spermophilus citellus) show a bimodal daily activity pattern with a ''midday siesta'' in the summer months (Katona et al. 2002) . The goal of the present study was to test the hypothesis that midday heat decreases midday activity in ground squirrels. This was done by manipulating the coat color, and hence the ambient temperature perception, of freeranging animals.
MATERIALS AND METHODS
Subjects and study areas.-European ground squirrels are diurnal rodents, and in Hungary they inhabit short-grass steppes (Katona et al. 2002; Mitchell-Jones et al. 1999) . They dig burrow systems a few meters long and with several entrances (Hut and Scharff 1998) . Although they live in colonies, it appears that every individual makes its own burrow system and consequently that they cannot be regarded as truly social rodents. Being diurnal, they spend the night in the burrow system and forage for food during the day. European ground squirrels are obligate hibernators (Mrosovsky 1968 ) and remain continuously underground from the end of August to March (Millesi et al. 1999) .
Our study was carried out in 2 steppe areas. The 1st was at Bugacpuszta in the Bócsa-Bugac sand-hill region of Kiskunság National Park, Hungary (468389N, 198409E) . This is a wide, heavily grazed, sandy-soil plain and is an ideal undisturbed protected area. The density of ground squirrels in this area varied between 15 and 55 individuals/ha over the active season. The 2nd study area was at Budaörs Airport (478279N, 188599E) near Budapest, Hungary. Ground squirrel density varied between 50 and 90 individuals/ha at this site over the active season. The substantial variation in population densities at both study sites is primarily the result of the presence of juveniles later in the active season.
Visual observation.-In Kiskunság National Park, we measured the activity patterns of ground squirrels for 5 days each month from April to August 1996; observations were made between 0700 and 2000 h for 3 days and between 0700 and 1400 h for an additional 2 days. Sunrise varied between 0500 h (April) and 0345 h (June), local time. Measurements were made using a telescope (Zenica ZT 8-24 Â 40, Zenit, Krasnogorsk, Russia) from a blind at the edge of the study area. Ground squirrels were observed in four 50 Â 50-m (0.25-ha) plots and were counted for 5 min per plot once an hour during the observation period. The scanning order of the plots was consistent. After 20 min of scanning the 4 plots we stopped observations for 40 min. We repeated this procedure every hour. We also recorded air temperatures at 2-3 cm above ground each hour using digital thermometers (Lombik 06912, Budapest, Hungary; accuracy: 618C).
Manipulation of temperature perception.-This experiment took place at Budaörs Airport from 18 July until 22 August 2000. Trapping activities were concentrated in a 4-ha area, divided into 5 identical plots of 0.8 ha (80 Â 100 m), between 18 July and 1 August 2000. Altogether, 75 individuals (31 males, 44 females; 63 adults, 12 juveniles) were trapped and marked with 2-cm dots on their flanks with black hair dye. This mark was used to determine if an observed individual belonged to 1 of 3 groups described below. To manipulate ambient temperature perception we altered head fur color: the heads of 25 individuals were darkened on top with black hair dye; the heads of 25 were lightened using bleaching cream containing 12% hydrogen peroxide; and 25 had water applied to the top of their heads without changing the natural fur color (the control group). The full dyeing procedure lasted a maximum of 10 min per individual. Each animal was then released into the burrow where it had been captured.
Fur from dead S. citellus was manipulated similarly to experimental groups: color was darkened, lightened, or left natural on the head area. Surface temperatures of the fur were measured in the middle of each manipulated patch both in full sun and in shade, using an infrared thermometer (MiniTemp Noncontact, Conrad Electronic, Nürnberg, Germany). Time intervals were .10 min between successive units of the temperature-measure series. The bodies used were of the few animals from more than 1,000 captured that died while being removed by us from an airport building site to reintroduce them to natural habitat.
Squirrels were observed from the edge of the study site with a telescope (Zeiss 30 Â 60, Jena, Germany) on 6 days with appropriate weather between 3 and 22 August 2000. The manipulated ground squirrels in the five 80 Â 100-m rectangles were counted consecutively for 5 min once per half hour from 0800 to 1600 h. At the same time we recorded both the air temperature close to the surface, using digital thermometers (Lombik 06912; accuracy: 618C), and cloud cover (estimated as percentage cover). Based on the cloud cover, which also influenced temperature patterns, the observation period was divided into clear and cloudy days (where cloud cover was .40% at midday). The meteorological database of Hungarian Meteorological Service gives the long-term average (6 SD) of air temperature at 2 m above the surface in August as 21.68C 6 2.288C at this latitude (Hungarian Meteorological Service 1990 .
We followed guidelines for the capture, handling, and care of mammals as approved by American Society of Mammalogists in our procedures (Animal Care and Use Committee 1998) .
We used parametric statistics for comparing our density data as they passed a Kolmogorov-Smirnov normality test. When data from the same individuals were analyzed, we used repeated measures tests. Data were prepared for analysis of variance (ANOVA) using mean values of animal numbers for different times in the same period of a day. We analyzed our data with STATISTICA for Windows version 5.1 (StatSoft, Inc., Tulsa, Oklahoma). Results are presented as mean 6 SE except where otherwise indicated.
RESULTS
Activity patterns.-The activity period started at 0700 h followed by a forenoon peak (between 0900 and 1100 h local time). Morning emergence did not correlate with sunrise (Pearson r ¼ À0.32, n ¼ 14, P ¼ 0.27). In the afternoon (between 1600 and 1800 h) another smaller, more protracted activity period was visible on 8 of 15 observation days, depending on the weather (Fig. 1) . Significantly more ground squirrels were seen during the forenoon hours (from 0900 to 1100 h) than at midday (from 1200 to 1400 h) on sunny days, but not on cloudy days (1-way ANOVA for related samples: F ¼ 7.05, d.f. ¼ 3, 3, P , 0.01). Of the possible pairs, the following groups differed significantly, whereas others did not (least significant difference [LSD] Temperature perception manipulation.-In the tests on squirrel carcasses, no differences were found among fur temperatures of manipulated fur patches in the shade, whereas full sun caused significant differences among them (2-way repeated-measures ANOVA, among color groups, F ¼ 21.3, d.f. ¼ 1, 18, P ¼ 0.0002; between sun and shade, F ¼ 8.3, d.f. ¼ 2, 36, P ¼ 0.001; treated groups by weather conditions interaction, F ¼ 4.6, d.f. ¼ 2, 36, P ¼ 0.02). Surface temperature of the darkened fur patch in the sun was significantly higher (LSD post hoc test, P , 0.01) than that of lightened or natural patches, but no difference was found between fur temperatures of light and natural patches. Fur patch temperatures in the shade were 39.18C 6 1.828C (dark fur), 38.58C 6 1.658C (natural fur), and 39.08C 6 1.838C (light fur); and in the sun were 49.68C 6 1.828C (dark fur), 47.18C 6 0.998C (natural fur), and 47.48C 6 1.118C (light fur).
Experimental groups used for temperature manipulation had equivalent sex ratios (Kruskal-Wallis ANOVA: H ¼ 3.90, d.f. ¼ 2, 66, P ¼ 0.14), age-distributions (H ¼ 1.34, d.f. ¼ 2, 66, P ¼ 0.51), and body masses (1-way ANOVA: F ¼ 2.39, d.f. ¼ 2, 66, P ¼ 0.1). Cloudy days had a significantly lower air temperature at the surface (29.18C 6 0.698C, n ¼ 3) than sunny days (37.88C 6 0.868C, n ¼ 3). The 2 types of days differed significantly from each other in surface air temperatures (2-way repeated-measures ANOVA: between groups of days: F ¼ 110.4, d.f. ¼ 1, 45, P , 0.0001; within groups of days: F ¼ 0.7, d.f. ¼ 2, 45, P ¼ 0.49, between groups of days by within groups of days interaction:
On sunny days, a significant negative correlation was found between surface air temperature from 0900 to 1400 h and the number of squirrels above ground having dark-colored fur (Pearson r ¼ À0.59, n ¼ 33, P ¼ 0.0003), natural fur (r ¼ À0.39, n ¼ 33, P ¼ 0.02), and light-colored fur (r ¼ À0.40, n ¼ 33, P ¼ 0.02). On cloudy days, in contrast, no significant correlations were found between these variables (for dark group: r ¼ 0.08, n ¼ 33, P ¼ 0.66; natural group: r ¼ À0.09, n ¼ 33, P ¼ 0.60; and light group: r ¼ 0.02, n ¼ 33, P ¼ 0.93).
During the forenoon, a significant difference was found between experimental groups in surface activity level (2-way repeated-measures ANOVA: among experimental groups: F ¼ 11.46, d.f. ¼ 2, 12, P ¼ 0.001, weather conditions: F ¼ 1.51, d.f. ¼ 1, 12, P ¼ 0.24, for interaction of treated groups by weather conditions: F ¼ 31.12, d.f. ¼ 2, 12, P ¼ 0.001). In surface activity level in the midday period, we found no differences among the experimental groups; however, we did find a significant influence of weather (among experimental groups: F ¼ 1.80, d.f. ¼ 2, 12, P ¼ 0.21; between weather conditions: F ¼ 35.13, d.f. ¼ 1, 12, P ¼ 0.001; for interaction of treated groups by weather conditions: F ¼ 1.84, d.f. ¼ 2, 12, P ¼ 0.20; Fig. 2) . Figure 3 indicates that all groups except the dark-headed animals on cloudy days were less active at midday than in the forenoon. Weather condition effect was dependent on the treatment of the fur color of the head (2-way repeated-measures ANOVA: among experimental groups: F ¼ 1.35, d.f. ¼ 2, 12, P ¼ 0.23; weather condition: F ¼ 10.40, d.f. ¼ 1, 12, P ¼ 0.007; treated groups by weather conditions interaction: F ¼ 12.28, d.f. ¼ 2, 12, P ¼ 0.001). On cloudy days, the darkcolored group was significantly more active than the other 2 groups (1-way ANOVA for related samples for cloudy days: 
DISCUSSION
European ground squirrels inhabit short-grass steppes where they face extreme weather conditions. It is thus possible that their rhythmic activity is strongly affected by environmental variables (Hainsworth 1995; Vispo and Bakken 1993) . Our field study showed that ambient temperature can significantly affect the daily activity pattern of European ground squirrels at the population level. Like many other species of vertebrates (Bacigalupe et al. 2003; Williams et al. 1999) , ground squirrels seem to choose the temperate climate of the burrow system (Hut et al. 1999 ) to avoid high surface temperatures on sunny days. The effect of temperature on the activity pattern of animals living in extreme conditions also has been shown by other field observations (e.g., Bacigalupe et al. 2003; Loehr and Risser 1977; McCarley 1966) , comparative analyses (Hudson 1973) , correlative studies (Halle 1995) , theoretical models (Hainsworth 1995) , and field tests of model predictions (Vispo and Bakken 1993) . By manipulating the head color of ground squirrels we were able to follow the activity pattern of groups of individuals exposed to the same environmental conditions and differing only in ambient temperature perception.
Our results showed that behavior of manipulated ground squirrels was significantly affected by pelage coloration, and this effect was strongly weather dependent ( Figs. 2A and 2B ). On cloudy days relatively more dark-headed than control individuals appeared above ground in the midday period than in the forenoon. The opposite occurred during sunny days, when there were no dark-headed individuals on the surface, but some light-headed and control animals were still visible (Fig.   3 ). The darkened animals shifted their activity to the morning and late in the afternoon. Because bleaching the natural fur color did not increase time above ground, the natural color presumably adequately meets the need to spend time above ground for foraging (and other activities) on hot sunny days when animals are fattening preparatory to hibernation. Nevertheless, our study further supports the hypothesis that high midday ambient temperatures play a central role in determining the observed midday pause in activity in European ground squirrels (Katona et al. 2002) and other rodents (Hainsworth 1995; Loehr and Risser 1977; McCarley 1966; Vispo and Bakken 1993) living in a similar environment.
The rest phase in midday activity of ground squirrels could be considered a form of behavioral thermoregulation. Cape ground squirrels (Xerus inauris) use their bushy tails as portable parasols to considerably extend their periods of continuous surface foraging in the high ambient temperature of the southern Kalahari, Africa (Bennett et al. 1984) . In summer, daily activity patterns with 2 peaks are widespread in mammals, and Aschoff (1966) considered this pattern more or less independent of environmental factors. However, the importance of temperature in determining the rest phase of bimodal daily activity patterns has been indicated in many grounddwelling squirrels (Belk and Smith 1991; Bennett et al. 1984; Betts 1976; Byman 1985; Drabek 1973; Everts et al. 2004; Katona et al. 2002; Loehr and Risser 1977; Melcher et al. 1990; Semenov et al. 2000) . This study is the 1st to show the effects of midday temperature on the rest phase of ground squirrels in a field experiment with manipulation.
The daily activity pattern with a midday rest phase is strongly weather dependent. Fewer animals were active on cloudy days than in sunny weather. It is clear that not only temperature but other factors affect pattern. One important environmental parameter may be air humidity (McCarley 1966) , which is higher on cloudy days than on sunny ones. There are indications that relatively late morning emergence (a few hours after sunrise) may be timed to coincide with a decrease in air humidity. Further experiments would be necessary to test the effects of possible factors other than midday temperature on daily activity patterns. A fixed activity pattern is only to be expected in constant or predictably fluctuating environments (e.g., ultraviolet light being a pacemaker in the Syrian hamster [Mesocricetus auratus -Hut et al. 2000] ). Because the daily maximum temperature varies throughout the season, a fixed midday rest phase would be maladaptive.
Mammals perceive ambient temperatures at 2 locations, on the surface of the skin and in the hypothalamus of the brain. The hypothalamus is located in the forebrain below the cerebellum, and operates by comparing a change of temperature with a reference temperature, or set point (Feldhamer et al. 1999) . When the dark head of an animal is exposed to solar radiation, the temperature of the skin on the head and possibly also the hypothalamus increases. The temperature monitoring system of the dark-headed squirrel therefore perceives higher ambient temperature than does the monitoring system of light-headed animals. As the work of Bakken et al. (1985) has shown, coat color, especially on the top of the head, plays a central role in temperature perception. The importance of body color in endothermic animals in intra-and interspecific communication and camouflage (Hill 1991; Järvi and Bakken 1984; Jiggins et al. 2001; Joron and Mallet 1998; Mallet and Joron 1999; Møller 1987; Sanz 2001; Thompson and Moore 1991) has been well studied, but the thermoregulatory role of body color is only rarely studied (although see Bakken et al. 1985; Vispo and Bakken 1993; Walsberg and Wolf 1995) . Our present study suggests that in addition to communication and the color of the surrounding objects, climatic factors also may contribute to the evolution of the external color of animals.
